ABSTRACT: p27/Kip1, a cyclin-dependent kinase inhibitor, negatively regulates proliferation of multiple cell types. The goal of this study was to assess the role of p27 in the spatial, temporal, and conditional regulation of growth plate chondrocyte proliferation. p27 mRNA expression was detected by real-time RT-PCR in all zones of the mouse growth plate at levels approximately 2-fold lower than in the surrounding bone. To determine whether this expression is physiologically important, we studied skeletal growth in 7-wk-old mice lacking a functional p27 gene. In these mice, body length was modestly increased and proliferation of proximal tibial growth plate chondrocytes was increased, but tibia length was not significantly greater than in controls. p27 ablation had no measurable effect on growth plate morphology. Treatment with dexamethasone inhibited longitudinal bone growth similarly in p27-deficient mice and controls, indicating that p27 is not required for the inhibitory effects of glucocorticoids on longitudinal growth. p27-deficient mice had increased width of the femoral diaphysis, suggesting that p27 acts normally to inhibit periosteal bone growth. In conclusion, our findings suggest that p27 has modest inhibitory effects on growth plate chondrocyte proliferation but is not required for the spatial or temporal regulation of proliferation or the conditional regulation by glucocorticoid. (Pediatr Res 60: 288-293, 2006) 
L ongitudinal bone growth occurs at the growth plate, a thin layer of cartilage located between the epiphysis and the metaphysis, at the ends of the long bones. Bone elongation occurs by a process called endochondral ossification, in which chondrocytes undergo the sequential steps of proliferation, hypertrophic differentiation, and apoptosis. The chondrocytes and the surrounding cartilage matrix are then replaced by bone tissue.
This process of longitudinal bone growth requires precise regulation of chondrocyte proliferation. First, chondrocyte proliferation is regulated spatially within the growth plate; the proliferation rate varies with distance along the long axis of the bone. In the resting and uppermost proliferative zone, proliferation is slow. Proliferation increases in the midproliferative zone and then slows again in the lower proliferative zone and finally ceases in the hypertrophic zone (1) . Second, chondrocyte proliferation varies temporally; the proliferation rate of chondrocytes declines with increasing age (2) (3) (4) (5) , causing longitudinal bone growth to slow and eventually stop. Third, chondrocyte proliferation is regulated conditionally, in response to conditions elsewhere in the body (1) . Some of the extracellular signaling mechanisms that regulate proliferation are known. For example, spatial regulation involves PTH-related protein (PTHrP) and Indian hedgehog (Ihh) and conditional regulation involves circulating IGF-1 and glucocorticoids (6, 7) . However, the final portion of the pathway is not understood, that is, how the cell cycle of chondrocytes is modulated temporally, spatially, and conditionally.
One of the suggested mechanisms is through orderly activation and inactivation of cyclin-dependent kinases and cyclin-dependent kinase inhibitors that control the cell cycle. Progression of the cell cycle is promoted by activation of cyclin-dependent kinases. Cyclin-dependent kinase inhibitors play important roles in maintaining growth arrest and cell differentiation by binding and inactivating these cyclindependent kinases. In mammals, two known families of cyclin-dependent kinase inhibitors have been identified, INK4 and Cip/Kip. The Cip/Kip family includes p21, p27, and p57, which can act on most cyclin/cyclin-dependent kinase complexes and also on some kinases unrelated to cyclin-dependent kinases, essential for G1 progression and S1 entry (8) . Different Cip/Kip inhibitors appear to mediate the growth-inhibiting effects of different stimuli. For example, p21 and p57 expression is increased in cells containing damaged DNA, and p21 expression is also increased in terminally differentiated cells (9) . p27 expression, on the other hand, increases in response to extracellular antiproliferative signals, whereas proliferative signals repress p27 expression (10) . Cells grown in the presence of antiproliferative factors, like cAMP or rapamycin, have elevated levels of p27 mRNA (11, 12) .
Previous studies suggest that p27 may regulate growth plate chondrocyte proliferation and differentiation (13, 14) . p27 has been detected immunohistochemically in hypertrophic chondrocytes in fetal and early postnatal mice (15, 16) . p27 has also been detected in cultured rat resting zone chondrocytes where its expression is up-regulated during thyroid hormone-induced terminal differentiation (13) . Targeted disruption of p27 in mice causes multiorgan hyperplasia and increased body weight, with all tissues proportionally enlarged and containing more cells (14, (17) (18) (19) . Kiyokawa et al. (17) reported an increased size and width of tibiae and femora in p27-deficient mice compared with wild-type mice. However, beyond this, little is known about the role of p27 in regulating skeletal growth.
The current study was designed to explore the role of p27 in the spatial, temporal, and conditional regulation of growth plate chondrocyte proliferation. First, we measured p27 expression in the mouse growth plate using real-time PCR. Second, we assessed growth plate structure, chondrocyte proliferation, longitudinal bone growth, and cortical width in p27-deficient mice. Third, we determined whether p27 mediates the effects of a hormonal modulator of longitudinal bone growth by administering a glucocorticoid to p27-deficient mice.
MATERIALS AND METHODS

Animals. Heterozygous p27
ϩ/Ϫ mice from a mixed C57BL/6J and 129 background were provided by Dr. Jack Pledger (H. Lee Moffitt Cancer Center, University of South Florida College of Medicine, Tampa, FL). These mice were originally generated by Matthew Fero and colleagues (10) . The mice were bred in our animal facility to obtain p27 -/-and p27 ϩ/ϩ mice. Mouse colonies were maintained in a pathogen-free environment and fed standard rodent chow (Zeigler Bros, Gardners, PA) with water ad libitum. Animal care was in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996). The protocol was approved by the Animal Care and Use Committee, National Institutes of Child and Human Development, National Institutes of Health.
Mouse genotyping. At 3 wk of age, 5 mm of the tail end was excised under local anesthesia, and genomic DNA was extracted using the DNeasy Tissue Kit (QIAGEN, Valencia, CA). Genotypes were analyzed by PCR. p27 deletions were confirmed by the presence of a 600 bp fragment unique to the mutant genotype amplified with primer p27 KO1 (CCT TCT ATG GCC TTC TTG ACG) and primer P27 KO2 (TGG AAC CCT GTG CCA TCT CTA T) (sequences provided by Matthew Fero, Fred Hutchinson Cancer Research Center, Seattle, WA). The PCR reaction mixture (Invitrogen, Carlsbad, CA) contained 5% DMSO. PCR reactions were performed under the following conditions: 94°C for 3 min, followed by 40 cycles of 94°C for 1 min, 61°C for 45 s, and 72°C for 45 s, and ending with primer extension at 72°C for 5 min. Wild-type alleles were confirmed by the presence of a 190 base-pair fragment amplified with the primers p27 WT1 (GAT GGA CGC CAG ACA AGC) and p27 WT2 (CTC CTG CCA TTC GTA TCT GC) (Dr. Jack Pledger, H. Lee Moffitt Cancer Center, University of South Florida College of Medicine, Tampa, FL, personal communication). The DNA was amplified with PCR conditions as follows: 94°C for 3 min, followed by 12 cycles of 94°C for 20 s, 64°C for 30 s (subtracting 0.5°C every cycle) and 72°C for 35°C, followed by 25 cycles of 94°C for 20 s, 58°C for 30 s, and 72°C for 35 s, and ending with 72°C for 2 min.
Animal procedures and tissue processing. To assess p27 expression in growth plate, five 5-wk-old wild-type C57BL/6J mice and two 5-wk-old mice homozygous for p27 deletion were sacrificed by cervical dislocation. Proximal tibial growth plates were rapidly excised, embedded in OCT compound (Electron Microscopy Sciences, Hatfield, PA) and stored at -80°C for subsequent processing.
To analyze the skeletal phenotype of p27 deficiency, mice were separated in four groups by their genotypes and sex: p27 ϩ/ϩ female (n ϭ 9), p27 ϩ/ϩ male (n ϭ 10), p27 -/-female (n ϭ 9), p27 -/-male (n ϭ 10). At 7 wk of age, mice were killed by inhalation of carbon dioxide. Seven weeks was chosen because previous studies (17, 20 ) demonstrated a significant difference in weight between wild-type and p27-deficient mice beginning at this age. Furthermore, at 7 wk of age, mouse growth plates are still active. Before sacrifice, 200 L 5-bromo-2=-deoxyuridine (BrdU, 10 mg/mL, Sigma Chemical Co.-Aldrich, St. Louis, MO) was administered ip at 7 h and 2 h. The animals were weighed, and body length (nose-base of tail and total length including tail) was determined (21) . Heart, liver, spleen, and kidney were excised and weighed. Tibiae and femora were excised, separated from adjacent muscle, and their lengths were measured using a digital vernier caliper. The left femora were fixed overnight in 10% phosphate-buffered formalin and preserved in 70% alcohol for microcomputed tomography. The left tibiae were prepared for histologic analysis by fixing overnight in 10% phosphatebuffered formalin, decalcifying in 10% EDTA, and embedding in paraffin.
To assess the effect of dexamethasone in the absence of p27, 3-wk-old mice were divided into a p27 ϩ/ϩ (7 males, 10 females) and a p27 -/-group (6 males, 5 females). The animals were all injected subcutaneously with 20 g dexamethasone once a day, five times a week for 4 wk. Body weight and body length was measured weekly. BrdU was administered as before. After sacrifice, tibiae and femora were excised and measured. Measurements were compared with nontreated controls.
Isolation and reverse transcription of RNA. Frozen longitudinal sections (40 m) of proximal tibial growth plates from 5-wk-old mice were mounted on Superfrost Plus slides (Histoserv, Germantown, MD). Slides were thawed 2 min, fixed in 70% ethanol and 95% ethanol, stained in eosin, washed in 100% ethanol, and dehydrated in xylene (each step for 60 s, at room temperature). Standard precautions against RNases were used. Using an inverted microscope and a scalpel, from each section, four different zones were separated: epiphyseal bone, resting plus proliferative zone, hypertrophic zone, and metaphyseal bone. To avoid cross-contamination between the resting/proliferative zone and the hypertrophic zone, the boundary segment of cartilage containing the lower proliferative zone and the upper hypertrophic zone was discarded. For each zone, approximately 16 sections from a single animal were pooled before RNA isolation. RNA isolation was performed as previously described except that we scaled down the procedure to use one fifth of each volume and omitted the final precipitation with LiCl (22) . RNA concentration was assessed and integrity was confirmed using a Bioanalyzer 2100, RNA Pico Chips, and version A.02.12 of the Bio Sizing software according to manufacturer's instructions (Agilent Biotechnologies, Inc., Palo Alto, CA).
Reverse transcription was accomplished for the entire RNA solution generated, using the SuperScript III RTS First-Strand cDNA Synthesis Kit from Invitrogen.
Real-time RT-PCR. Expression of p27 mRNA was quantified by real-time quantitative PCR using the ABI Prism 7300 Sequence Detection System (Applied Biosystems, Foster City, CA) with specific, FAM-labeled probes. The oligonucleotide primers and probes for p27 mRNA and 18S ribosomal RNA were supplied by Applied Biosystems; assays 4319413E and Mm00438168_m1, respectively. PCR reactions were performed with the cDNA solution, TaqMan Universal PCR Master Mix, p27 or 18S primers and probes (Applied Biosystems), according to the manufacturer's instructions, using the following thermal cycling conditions: one cycle at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Each sample, which represents a single region from a single animal, was assayed in triplicate. The efficiencies of the p27 and 18S PCR reactions were determined using serial dilutions of whole growth plate cDNA.
Quantitative histology. Longitudinal 5 m sections of the proximal tibial growth plate were obtained near the center of the formalin-fixed, decalcified bone, mounted on Superfrost Plus slides (Histoserv) and stained with Masson Trichrome. All histologic measurements were performed in the central two thirds of the growth plate sections. Height was measured at three points parallel to the chondrocyte columns, and results were averaged. The number of proliferative and hypertrophic cells was counted in 15 intact columns per growth plate, and counts were averaged. The terminal hypertrophic chondrocyte was defined as the cell in the last lacuna that was not invaded by metaphyseal blood vessels (5). Heights of 10 lacunae per animal were measured and results were averaged. We only measured lacunae with a sharp boundary, which indicates that the lacunar wall is perpendicular to the plane of section and thus the section had been made near the center of the lacuna.
BrdU labeling and detection. In tissues sections from animals injected with BrdU, labeled cells were visualized with a commercial kit (BrdU staining kit, Zymed, San Francisco, CA), using the kit protocol except that the trypsin was diluted 1:6 with reagent 1B. Labeled and unlabeled cells were counted in 20 chondrocyte columns per animal in the central two thirds of the growth plate sections and averaged.
Microcomputed tomography (micro-CT). Excised and fixed femora from wild-type and p27 knockout mice were scanned using a MicroCAT II scanner (Imtek, Inc., Knoxville, TN). Each femur was immobilized on the sample table using plastic foam. The scanning conditions were as follows: resolution 50 m, voxel size 30 m, 80 kVp, 500 A, and 720 projections over 360 degrees. After scanning, three-dimensional images of the whole femora were reconstructed and used to measure total length (most proximal to most distal point), shaft width (measured at mid-shaft), cortex width (measured at midshaft at 0, 90, 180, and 270 degrees and averaged), bone volume, and bone mineral density.
p27 AND CHONDROCYTE PROLIFERATION
of p27 mRNA were normalized to an endogenous control, 18S ribosomal RNA, in the same sample to account for variability in the initial concentration and quality of total RNA and in the efficiency of the reverse transcription reaction. This normalization was calculated as described by Pfaffl (23) . To analyze differences between tissues, relative expression values were log transformed to achieve a normal distribution, and analyzed by ANOVA followed by Holm-Sidak comparisons between adjacent regions.
Phenotypic comparisons between wild-type and p27-deficient groups were made by two-way ANOVA with sex and genotype as independent variables. One mouse was eliminated from the micro-CT data because of a fractured femur. For the dexamethasone administration experiment, comparisons between wild-type and p27-deficient mice were made using a generalized linear model using three independent variables: genotype, sex, and treatment.
RESULTS
Expression of p27 mRNA in the growth plate and surrounding bone. In the wild-type mouse growth plate, p27 mRNA expression was assessed by real-time PCR. p27 mRNA was detected in both resting/proliferative zone and in hypertrophic zone at similar levels. However, the concentration of mRNA (normalized to 18S ribosomal RNA concentration in the same sample) in both regions of the growth plate was approximately 2-fold lower than in the surrounding bone (Fig. 1) . As a negative control we measured the expression of p27 mRNA in two p27-deficient mice. In both mice, the p27 mRNA expression was undetectable in growth plate and surrounding bone tissue. To confirm the accuracy of the dissection, we analyzed mRNA expression for type X collagen and type I collagen. As expected, type X collagen was primarily expressed in the hypertrophic cartilage and type I collagen was primarily expressed in the bone (Fig. 1) .
Growth phenotype of p27-deficient mice. Ablation of p27 in mice had a mild positive effect on body size measured at 7 wk of age (Table 1 , ANOVA using sex and genotype as independent variables). p27 -/-mice had an increased body weight compared with p27 ϩ/ϩ littermates. Weight of the spleen, heart, liver, and kidney were also significant increased in p27 -/-mice.
Ablation of p27 increased the body length, suggesting greater longitudinal growth of the vertebrae, but did not significantly affect the length of the tibia or femur. Width of the femur mid-shaft was significantly increased in p27 -/-compared with wild-type mice (Table 1 ). This increase in shaft width did not result in an increase in mid-shaft cortical thickness or in overall femoral bone density, measured by micro-CT scan.
Growth plate morphology and proliferation in p27-deficient mice. p27 deficiency had no discernable effect on tibial growth plate morphology (Fig. 2) . Total growth plate width, the number of proliferative and hypertrophic cells per intact column, and the height of the terminal hypertrophic cell did not differ significantly between p27-deficient and wildtype mice (Table 2 ). However, growth plate chondrocyte proliferation, assessed by BrdU-labeling index, was greater in p27-deficient than in wild-type mice ( Table 2) .
Dexamethasone-induced growth inhibition in p27-deficient mice. Treatment of 3-wk-old mice with dexamethasone for 4 wk caused a significant decrease in total body weight, tibial length, and femoral length but not in body length when compared with untreated controls (Table 3 ). This decrease was observed in both wild-type and p27-deficient mice. The magnitude of this growth inhibition did not significantly differ with the genotype (p ϭ NS for body weight, tibial length, and femoral length, and body length). Therefore dexamethasone appeared to have a similar effect on wild-type and p27-deficient mice.
DISCUSSION
p27 mRNA was detected in the growth plates of 5-wk-old mice by real-time PCR. The p27 mRNA levels in growth plate were approximately 2-fold lower than levels in the surrounding epiphyseal and metaphyseal bone tissue.
The expression of p27 mRNA was not significantly greater in the hypertrophic zone than in the resting/proliferative zone. This finding does not support the hypothesis that up-regulation of p27 is involved in terminal differentiation of growth plate chondrocytes (13, 14, 24) . Earlier studies using immunohistochemistry reported p27 expression primarily in hypertrophic chondrocytes of fetal mouse long bones. This divergence in results could be due to a difference between mRNA and protein expression, to developmental changes in p27 expression, or to the poor quantitative nature of immunohistochemistry (15, 16) . The current study is the first to assess the expression of p27 in the growth plate using a quantitative method and the first to assess expression in the growth plate beyond the neonatal period.
In tissues from p27 -/-mice, we did not detect p27 expression, which indicates that our real-time PCR assay was specific for p27 mRNA. The observed p27 expression in the growth plate is unlikely to be due to contamination from the surrounding bone because measurement of type I and type X collagen mRNA levels suggests that the microdissection was quite accurate. The surrounding bone tissue consists of several different cell types, and this study does not determine the level of p27 expression in different bone cells.
To determine whether the p27 expression in the growth plate is physiologically important, we studied skeletal growth in p27-deficient mice. p27-deficient mice had a slightly greater body length than wild-type mice, presumably reflecting greater growth of the vertebrae. In long bones, p27 ablation was associated with a modestly increased rate of chondrocyte proliferation. The tibial and femoral lengths were not significantly different from those of wild-type littermates, suggesting that the increase in growth plate chondrocyte proliferation had begun shortly before 7 wk of age, the time when the differences in body size are beginning to manifest (17, 20) . Alternatively, the lack of difference in bone length despite an increase in growth plate chondrocyte proliferation might reflect a decrease in matrix production rate or an increase in apoptosis of nonterminal chondrocytes. Taken together, our findings indicate that p27 has a mild inhibitory effect on the normal proliferation of proliferative zone chondrocytes. Kiyokawa et al. (17) also mentioned a positive effect of p27 ablation on bone length in mice although the actual bone length was not presented in that paper. The magnitude of the effect on skeletal growth in different studies may depend on genetic background. Previous studies in other backgrounds (coisogenic 129S4 mice) show an approximately 30% greater weight in p27-deficient than wild-type mice (10,14,17), whereas we observed only a 19% (male) and 13% (female) difference at 7 wk of age. Nonetheless, the small magnitude of the effect suggests that p27 is not necessary for the normal growth deceleration that occurs with age. The absence of skeletal growth deceleration would allow continued growth at fetal rates, which would be expected to have yielded a dramatic increase in bone length.
There was no discernable effect of p27 deficiency on growth plate morphology. In particular, the number of proliferative chondrocytes and the number of hypertrophic chondrocytes per column were unaffected. One previous study mentioned that the overall growth plate height was unaffected by p27 ablation but that the proliferative zone of p27 -/-mice appeared larger in some sections. However, in that study, no supporting quantitative data were reported (14) . The BrdU-labeling index was increased in the proliferative zone of p27 -/-compared with p27 ϩ/ϩ mice, whereas the number of chondrocytes in the proliferative zone was the same in p27 -/-and p27 ϩ/ϩ mice. This difference may occur because the number of proliferative chondrocytes depends not only on the number of cells being generated per column but also on how far down the column the cells undergo terminal differentiation into hypertrophic chondrocytes. Therefore, it is possible to have an effect on proliferation rate and not on number of proliferative chondrocytes. Our findings indicate that p27 is not necessary for the cessation in proliferation and for the terminal differentiation that occurs near the boundary between the proliferative and hypertrophic zones. Thus, p27 is not critical for the spatial regulation of growth plate chondrocyte proliferation.
We next hypothesized that p27 might mediate the growthsuppressing effects of glucocorticoids and thus play an important role in the conditional regulation of growth plate chondrocyte proliferation. The growth-inhibiting effects of glucocorticoids are the result of a decrease in proliferation and possibly an increase in apoptosis (25) . The growth-inhibiting effects of glucocorticoids in other cell types may be mediated in part by p27 (26) . Thus, p27-deficient murine embryonic fibroblasts are partially resistant to the growth-inhibitory effects of glucocorticoids (27) . However, in our experiment, dexamethasone administration slowed longitudinal bone growth in p27-deficient mice and wild-type mice to a similar extent. Thus, p27 does not appear to be necessary for the decreased proliferation of growth plate chondrocytes induced by excess glucocorticoid in mice.
p27 affected not only the process of longitudinal bone growth but also radial growth of the diaphyseal cortex. p27 -/-mice showed a greater diaphyseal width of the femur. This finding is consistent with a previous report (14) . In contrast to the overall shaft width, we found that the cortical thickness (from endosteal to periosteal surface) was not increased.
Similarly, overall femoral bone density, which is highly dependent on cortical thickness, was not affected by p27 ablation. Taken together, these data suggest that periosteal bone growth is increased in the absence of p27, but that endosteal resorption may also be increased, thus negating any effect on cortical thickness. The increase in diaphyseal width might be caused by increased mechanical load due to increased body weight or to a direct effect of p27 on periosteal growth.
We chose to study the role of p27 in the regulation of longitudinal growth because of the suggestion from previous studies (13, 14) that it may regulate growth plate chondrocyte proliferation and differentiation. Other cell cycle regulators may also be important in the regulation of longitudinal growth. For example, mice lacking p57 have altered cell proliferation and differentiation, leading to endochondral bone ossification defects with incomplete differentiation of hypertrophic chondrocytes (28) . Also, p21 CIP1/WAF1 might play a role in skeletal growth since it is shown to be expressed in both the proliferative and hypertrophic zones in the growth plate of mice, rats, and pigs (29, 30) .
In conclusion, our findings suggest that p27 is expressed in the growth plate. p27 ablation modestly increases growth plate chondrocyte proliferation, the process of longitudinal bone growth, and periosteal bone growth. However, p27 does not appear to be required for the inhibition of chondrocyte proliferation that occurs during hypertrophic differentiation, with increasing age, or in response to glucocorticoid excess. Thus, our findings suggest that p27 negatively modulates growth plate chondrocyte proliferation, but it is not required for spatial, temporal, or conditional regulation of chondrocyte proliferation in the growth plate. 
